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Contract Description

The purpose of this work is to develop techniques to overcome the

fundamental limits of present frequency standards--the second and residual

first-order Doppler shifts. To this end, we study suitable frequency

reference transitions in ions which are stored in electromagnetic traps

and cooled by radiation pressure to < 1K.

Scientific problem

The scientific problems are (1) to suppress second order and residual

first order Doppler shifts in atomic frequency standards in a fundamental

way--by substantially reducing the kinetic energy of ions stored ion

electro-nagnetic traps, (2) to study suitable reference transitions in

ions that can be used as frequency standards, and (3) to study the

problems generic to all stored ion frequency standards. The goal is to

achieve at least a factor of 100 improvement in accuracy over the present

best device, the Cesium beam frequency standard, which has an accuracy of

approximately one part in 1013

Scientific and Technical Approach

Laser cooling is employed on all experiments in order to suppress Doppler

shifts. Temperatures 0.1K are routinely achieved. To avoid light

shifts on "clock" transitions we will investigate "sympathetic cooling"

where one ion species is laser cooled and by Coulomb collisions cools

another ion species of spectroscopic interest. We will continue

experiments on Mg and Be+ in order to study generic problems with traps.

We are developing a separate experiment for 201Hg ions. This experiment

has the goal of realizing a microwave frequency standard with 10
- 15

accuracy.
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PROGRESS DURING LAST CONTRACT PERIOD

A. Hg studies

1. 19 8Hg Penning trap experiments

We have written and submitted for publication a report on our

measurement of the Hg gj factor. This was an important step in

the project because of the necessity of "mixing" the Zeeman
201Hg th 201+energy sublevels in the ground state of Hg (For the Hg

"clock" experiment) A previous measurement by another group of

gj(Hg ) was not accurate enough and apparently in error by a

significant amount.

2. Laser cooling of 19 8Hg+ in Penning trap. We have observed a

small amount of laser cooling from our 194 nm laser beam.

Unfortunately with the small amount of 194 nm power available (S

5 vW typical) this laser cooling is not adequate for future

"clock" and other spectroscopic experiments. This problem

appears to have two practical solutions: (1) Increase 194 nm

laser power and improve vacuum in Penning trap (to help prevent

rethermalization to ambient temperature by background gas), (2)

employ "sympathetic cooling" as described below. We have chosen

the latter option because of its inherent advantage over the

direct laser cooling method.

Observation of the 2S S 2D5 /1 , "optical clock" transition in
9 8Hg. We have constructed a miniature rf trap (Fig. 1) in

which we have stored 19 8 Hg+. By tuning the 194 nm source to the

2S/ - 2P transition (Fig. 2), we can "see" the ions by
1/2 1/2

collecting the 194 nm scattered fluorescence light in a phototube
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Fig. 1. Schematic showing cross section view of rf trap
electrodes for 19Hg+. The electrodes are figures of revolution

about the z-axis and are made from molybdenum.

(About 200 ions are stored and thermalized to room temperature
using about 10-3 Pa of He background gas). The 2SI/12 ' 2 D5/2

transition is driven via Doppler free two photon spectroscopy (A

z 563 nm); when the transition is made, the number of ions in the

2S112 ground state is reduced and therefore the intensity of 194

nm fluorescent light is reduced (Fig. 2). The linewidth in these

first measurements was primarily limited by the laser. Future

work will be devoted to reducing this width--it should eventually

be possible to observe this transition with a width of only 1 Hz!

(Q - 101 5 ) limited by the radiative lifetime. In the course of

the above work, optical AM sidebands were observed in the

• -. . ,. -. , . .- - ;. .-. , . ..- . - - , . - . - - . . .- • . . . . . . - , . . . . .;. -., ... , - . .. . ,
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2-photon spectrum (Fig. 2). This is the first time such

sidebands (either AM or FM) have been observed in optical

spectra.
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Fig. 2. Two-photon 2S1- 2 D5/2 transition in Hg+. AM

sidebands caused by the harmonic secular motion of the ions are

visible in this scan. The frequency scan is 4 MHz at the

fundamental laser frequency (A ; 563 nm). The depth of the

central component is about 25% of full scale. The integration

time is 2 s/point. In the inset is a simplified energy level

diagram of Hg*, depicting the levels of interest.

4. Measurement of Hg+ 5d9 6s2 2D,/, state lifetime. Using pulsed

2-photon excitation, the lifetime of this state was measured by

observing the return of the 194 nm fluoresence to steady state.

These measurements agreed with theory (R. Garstang, 1962) and

are therefore a good check of the assumptions made in the

theoretical calculation on these high Z, relativistic systems.

S.. .. - - . . . . _. . .:. , .... . . - '



B. 9Be experiments

1. Laser cooled atomic clock. We have completed work on the first

frequency standard based on laser cooled atoms. This work which

was reported in Phys. Rev. Lett. in April, concentrates on

detailed measurements made of systematic effects in this system.

Two key features are: (1) an inaccuracy essentially equal to the

U.S. best Cesium atomic clock with a clear direction for

improvement and (2) this system facilitates studies of generic

stored ion frequency standard systematic effects since laser

cooling is easier to achieve than in Hg .

2. "Strongly coupled" liquid and solid plasmas. Since the previous

grant renewal request we have published our first report on the

strongly coupled nature of our atomic ion non-neutral plasma

[Phys. Rev. Lett. 53, 348 (1984)]. This work is interesting in

itself because novel states of matter (liquid and solid plasmas)

can be studied but is also very important for the frequency

standard problem. This is because the largest uncertainty in any

systematic frequency shift in the 9Be+ clock (or one based on Hg +

or another ion) is due to the uncertainty in the ion's kinetic

energy and therefore an uncertainty in the second order Doppler

frequency shift. Therefore we must study in detail the ion

dynamics.

3. Laser Cooling experiments. By analyzing the 9Be clock data, we

have determined that when the cooling laser is turned off, the

ions are heated by: (1) background gas collisions and (2) a

plasma heating process which may be "resonant particle

transport". (See Fig. 3) The latter process is one discussed by
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Fig. 3. Temperature, T, of the cyclotron and axial motions as a

function of the length of time that the cooling laser is off

measured for 9Be + ions in a Penning trap.

plasma physicists as being an important loss mechanisms in

tandem-mirror fusion devices. There is evidence that it is the

same mechanism which causes heating in our Penning traps. One

way resonant particle transport is mediated is by misalignm.nt

between the trap's magnetic and electric axis. Consequently, we

have tried to improve this alignment and have seen about a

factor of two reduction in this heating. (We may now be limited

by imperfections in the trap electrodes themselves, and we are

therefore building a new apparatus with axial symmetry a primary

requirement. (See below))

4. Search for spatial anisotropy by use of nuclear spin polarized

9Be + ions. This work, which has been published in Phys. Rev.

Lett. only involved an evaluation and interpretation of 9Be+

clock frequency stability data. It tests one of the foundations

of Einstein's theory of General Relativity called "local Lorentz

,. .- .- . . . . . ' . : , .. , . . , . . ." ' . . , - .. " . ' .. - . - . . . - . ... . ..



invariance" at a level 300 times more sensitive than the previous

best results provided in separate experiments by Hughes et al.

and Drever in 1961.

C. Theoretical Studies.

1. Studies of trap designs using computer solutions. The trap of

Fig. 1 is noteworthy because although the inner surfaces of the

trap are machined with simple conical cuts, the trap dimensions

and angles were chosen (from computer analysis) to make the

fourth and sixth order anharmonic contributions to the potential

vanish. This trap therefore approximates very closely one with

hyperbolic surfaces. A new trap is in the final design stages.

In this trap, axial symmetry (including trap electric and

magnetic axis alignment) is emphasized since axial symmetry may

play a dominant role in ion heating. Perhaps somewhat surprising

is that the best trap for all experiments (except those on mass

spectroscopy where absolute harmonicity, or quadratic potentials,

are desired) appears to be a simple cylinder with azimuthal cuts

made a appropriate places to make the basic Penning trap. Part

of the reason for this is that we want the electrodes as far away

as possible from the ions in order to avoid imperfections in the

trap potential due to contact potential variations etc. In a

superconducting magnet geometry, a simple cylinder seems to best

satisfy this requirement.

2. Angular momentum of trapped atomic particles. We have made a

theoretical (and experimental) investigation of angular momentum

in the stored ions and come to the conclusion that angular

momentum (and its conservation) is very important in Penning

traps but much less important (or difficult to make conserved) in

rf or neutral particle traps. This work has been submitted for

publication in Jour. Opt. Soc. Am. B.

3. Spatial anisotropy experiment. (See Sect. III.B.4 above) A

significant part of this study involved a theoretical

interpretation of the results. Although the tisic theoretical



framework has been established by the general relativists,

numerical estimates were required for the particular system (9Be

nucleus) involved in our experiments.

4. Sympathetic cooling. In the 9Be clock, it was necessary to turn

the cooling laser off while driving the "clock" transition in

order to avoid a.c. Stark shifts of the clock energy levels.

Because of this, the ions reheated while the laser was off (Fig.

3) causing a second order Doppler frequency shift of about -4 x

10- 1 3 . It is the limit in our ability to measure this shift that

limits the uncertainty in the experiment to a about 1 x 10-13. We

are attacking this problem in two ways. (1) By using better

trap designs. As noted previously, we believe that adherence to

axial symmetry will reduce this heating. (2) "Sympathetic

cooling". In sympathetic cooling, two ion species are stored in

the trap simultaneously. (Say 9Be + and 201 Hg*). One species

which is easily laser cooled (9Be , because of the high laser

powers easily generated) sympathetically cools the other ion

species via Coulomb collisions. This has been demonstrated

previously at NBS, Boulder with the three isotopes of Mg+. More

recently we have observed that BeH+ ions are held at the center

of trap by laser cooled Be'. This technique has two important

advantages over the direct laser cooling method (employed in the

9 Be+ clock experiment): (1) Laser cooling can be supplied by a

laser which is easy to make--like the one for Be+ . In the Hg

experiments we have determined that it will be very difficult to

obtain much more 194 nm power for direct cooling -- the main

limit is imperfections in the nonlinear crystals which causes

thermal "blooming" of the beams. (2) Since the cooling laser

will in general be non resonant with the energy levels of the

"clock" ion, a.c. stark shifts from the cooling laser can be

negligible (<<10-15). Therefore, the cooling laser can be left

on continuously and the reheating encountered in the direct laser

cooling experiments can be avoided. In addition, interrogation

times of clock transitions can be made much longer -- linewidths

of less than 1 milllhertz do not seem unreasonable (interrogation

times of greater than 500 s). Moreover, the temperature of the



ions and therefore the second order Doppler shift will be much

smaller and much more stable in this steady state situation an-

resulting frequency shifts should be easier to characterize than

in the transient condition of the 9Be+ clock.

We have theoretically modeled the two species ion thermal

distribution functions. The difficult part of this project was a

computer solution to an electrostatics problem in order to solve

for the spatial distribution of the ions. An important feature

is the result that the two ion species should centrifugally

separate. This separation is beneficial in that the a.c. Stark

shift from the cooling laser is further reduced; it is poten-

tially harmful since it reduces the thermal contact between the

ions. Theoretically, this separation does not appear to be

strong enough to invalidate sympathetic cooling but it must be

tested experimentally.

We have also theoretically estimated the expected light shifts

when the cooling laser spatially overlaps the "clock" ion. For

the 2 0 1 Hg+ case, shifts below 10-15 appear very reascnable for

expected practical conditions.

D. New Apparatus

1. 9 Be apparatus We have modified the 9Beco aCi- - "

include mirrors which will allow us to d1-e " .......-.. .

beam along the trap diagonal (similar tc wi,* n n,'

so that all three degrees of freedom are C:'e~ ., . .

Previously, only the cyclotron and magn.-. , .. ....-

were directly laser cooled; the axial moton t-r.i'< :, ,

by photon recoil. This may allow signif icat' low, ,P...

tures to be achieved.

2. Hg /Be+ combination trap The previous Hg* Penrning trap hAs bei,7

modified to allow simultaneous storage of Be* and HF4 ion_--to

test sympathetic cooling. Experimental set-up is now beinp

completed.



3. Be /Mg+ combination trap Design is nearly complete on a trap for

simultaneous storage of Be+ and Hg+ ions in the high field

superconducting magnet. In this trap, particular attention is

paid to trap axial symmetry. (See Sects. III.B.3 and III.C.1

above).
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